Arachidonic acid metabolism through cyclooxygenase, lipoxygenase, or P-450 epoxygenase pathways can generate a variety of eicosanoids. Thromboxane synthase (TxS) metabolizes the cyclooxygenase product, prostanglandin H 2 , into thromboxane A 2 (TXA 2 ), which can cause vessel constriction, platelet activation, and aggregation. Here we demonstrate that human prostate cancer (PCa) cells express enzymatically active TxS and that this enzyme is involved in cell motility. In human PCa cell lines, PC-3, PC-3M, and ML-2 cells expressed higher levels of TxS than normal prostate epithelial cells or other established PCa cell lines such as DU145, LNCaP, or PPC-1. We cloned and sequenced the full-length TxS cDNA from PC-3 cells and found two changes in the amino acid residues. Immunohistochemical analysis of tumor specimens revealed that expression of TxS is weak or absent in normal differentiated luminal, or secretory cells, significantly elevated in less differentiated or advanced prostate tumors, and markedly increased in tumors with perineural invasion. TxS expressed in PC-3 cells was enzymatically active and susceptible to carboxyheptal imidazole, an inhibitor of TxS. The
Prostate cancer (PCa) is one of most common cancers of males in the United States. With an aging population, new cases of PCa have risen steadily in the past two decades. High consumption of fat, especially red meat, is a risk factor for prostate cancer. 1 Arachidonic acid and its precursor, linoleic acid, are major ingredients in animal fats and many vegetable oils. Arachidonic acid can be converted to various eicosanoids by enzymes such as cyclooxygenase (COX), lipoxygenase (LOX), or P450 epoxygenase. Eicosanoids possess potent and diverse biological activities and have been implicated in a variety of human diseases such as inflammation, fever, arthritis, and recently, cancer. 2 For example, COX-2 expression has been found to be up-regulated in a variety of cancers when compared to their normal counterparts. [3] [4] [5] [6] [7] It has been reported that in prostate cancer, COX-2 expression is increased in tumor tissues and that inhibitors of COX-2 such as celecoxib and NS398 induce prostate cancer cell apoptosis. 8, 9 Indomethacin, an inhibitor of COX, was shown to reduce pulmonary metastasis in NB rats bearing subcutaneous implants of an androgen-insensitive prostate adenocarcinoma. 10 These studies suggest an important role for the COX pathway of arachidonic acid metabolism in the progression of human prostate cancer.
Downstream of the COX pathway, the COX product PGH2 can be converted to thromboxane A 2 (TXA 2 ) by TxS. 11, 12 Known activities of TXA 2 include stimulation of platelet activation, aggregation, and thrombosis. 13 TXA 2 also causes contraction of vascular smooth muscle cells 14 or release of prostacyclin from endothelial cells. 15 In cancer, there is little study so far regarding TxS or TXA 2 , although platelet abnormality and thromboembolic disorders affect 15 to 20% of all cancer patients and platelet activation and aggregation have been known to facilitate tumor angiogenesis and metastasis.
In the present study, the expression of TxS is examined in human PCa cells as well as in normal prostate epithelial cells by Western blot as well as reverse transcriptasepolymerase chain reaction. TxS protein was minimally expressed in normal prostate epithelial cells but remarkably increased in some prostate carcinoma cells. The enzyme is active and the activity of TxS is dependent on the activity of COX. Cancer profiling array analysis found an increase in TxS mRNA level in prostate carcinoma tissues when compared to the matched normal tissue samples. Immunohistochemistry revealed that TxS was weakly expressed in basal cells of the normal gland but essentially absent in luminal differentiated cells. TxS expression was increased as prostate carcinoma progresses to advanced stage, especially at regions of perineural invasion. Finally, we demonstrate a potential role for TxS or TXA 2 in cell motility. This is the first report on the expression of TxS in human prostate carcinoma and its potential involvement in tumor progression and metastasis.
Materials and Methods

Materials
Arachidonic acid, U46619, SQ29548, TxS polyclonal antibody and its blocking peptide were purchased from Cayman Chemical Co. (Ann Arbor, MI). U46619, carboxyheptal imidazole (CI), and furegrelate sodium were purchased from Biomol (Plymouth Meeting, PA). Monoclonal antibody (JL-8) against green fluorescent protein (GFP) was purchased from Clontech (Palo Alto, CA). Pre-made RPMI 1640 medium, fetal bovine serum, penicillin-streptomycin solution, trypsin-ethylenediaminetetraacetic acid solution, and other regular cell culture reagents were purchased from Gibco BRL. The horseradish peroxidase-conjugated secondary antibody and Luminol reagents were from Amersham. The TOPO PCR cloning vector and DNA ligation kit were obtained from Invitrogen (Carlsbad, CA). The normal goat serum, the streptavidinperoxidase, the streptavidin-phosphatase, and the diaminobenzidine reagent set were purchased from Kirkegaard & Perry Laboratories (Gaithersburg, MD).
Cell Lines and Cell Culture
Prostate cancer PC-3, DU145, LnCaP, and T3 cell lines were originally obtained from ATCC and cultured in RPMI 1640 with 10% FBS. PPC-1, ML-2, and PC-3M cells were obtained from Dr. Avraham Raz (Karmanos Cancer Institute, Wayne State University, Detroit, MI). Human normal epithelial cells were purchased from Clonetics (San Diego, CA) and cultured according to the manufacturer's recommendation.
Immunoblot Analysis of Thromboxane Synthase Expression
Semiconfluent confluent (70 to 80%) cultured cells were rinsed with ice-cold PBS, scraped into lysis buffer containing 20 mmol/L Tris-HCl, pH 7.5, 2 mmol/L EDTA, 0.5 mmol/L EGTA, 0.5 mmol/L PMSF, 0.5 mmol/L leupeptin, 0.15 mmol/L pepstatin A, 1 mmol/L dithiothreitol, and 1% NP-40. Protein concentration was measured using BCA protein assay kit (Pierce, Rockford, IL). Approximately 30 g of protein from each sample was loaded into a minigel for electrophoresis separation. The proteins in the gel were then transferred onto a PVDF membrane and processed for immunodetection using a TxS polyclonal antibody (Cayman Chemical Co.) using an enhanced chemiluminescent (ECL) method.
RT-PCR Analysis of TxS Expression
Total RNA was isolated from semiconfluent PC-3 and DU145 cells as described previously. 18 Total RNA (4 g) was reverse-transcribed with oligo(dT) using MMLV reverse transcriptase (Life Technologies, Inc.). For PCR, the upper primer is AACCGAGACGAACTGAAT located between bp 913 and 930 of human TxS cDNA. 19 The lower primer is TTCTCTTGGCAGTCAGGG complementary to the region between 1254 and 1271 of human TxS cDNA. 19 The expected size of PCR product is about 341 bp. For nested PCR, another set of primers, the lower primer being TAGGTGGCAAAAGAAAGT complementary to the region between 1221 and 1204 and the upper primer ACTGTGGATGAGATTGTG located between 1153 and 1170 of human TxS cDNA. The PCR profile is as follows: 94°C for 5 minutes for denaturation, followed by 35 cycles of 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 45 seconds, and placed under 72°C for 5 minutes for extension. The PCR products were resolved with 2% agarose gel and stained with ethidium bromide.
Cloning and Characterization of TxS in PC-3 Cells
Total RNA was isolated from PC-3 cells using TRI reagent from Molecular Research Center Inc. cDNA was produced using the 3Ј-RACE system from Gibco BRL according to manufacturer's instructions. The coding region of TxS was amplified from cDNA using Advantage 2 polymerase with primers TXS59U/TXS1822L, followed by a nested PCR with primers TXS59U/TXS1818L. The sequence of primer TXS59U is TGTTTGCTTGGTTGCCT-GTT. The sequence for TXS 1822L is TCCACACTT-AGGGTTTT. The sequence for TXS1818L is CCACACT-TAGGGTTTTCTTT. The PCR profile for amplifying TxS cDNA is as follows: 94°C for 5 minutes for denaturation, followed by 35 cycles of 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 2 minutes, and held under 72°C for 5 minutes for extension. The PCR product was run in a 1.2% agarose gel and the DNA fragment was cut out and purified using QIAquick Gel Extraction Kit from Qiagen. The resulting DNA was cloned using the pUni/V5-His-TOPO Echo Cloning system from Invitrogen. Plasmids from the resulting clones were isolated using the Quantum Prep Plasmid Miniprep Kit from Bio-Rad. The sequence and orientation of inserts into plasmid were confirmed by sequencing using the forward and reverse primers provided in pUni/V5-His-TOPO Echo Cloning System kit. The full-length sequence of TxS cDNA cloned was determined by sequencing with various PCR primers described above. Once a plasmid containing the insert in the correct orientation was identified, we fused it with an acceptor vector using pcDNA3.1-E Echo Cloning System from Invitrogen and confirmed by sequencing using the T7 primer. Echo constructs (Echo 6 or Echo 14) with correct TxS cDNA orientation were used to express TxS, while echo construct with TxS in antisense orientation was used as a control.
Northern Blot Analysis of TxS mRNA Expression
Total RNA samples were isolated using Tri-reagent and aliquots of RNA samples (10 g) were subjected to electrophoresis on a 1% agarose formaldehyde gel and transfer to Duralon-UV membranes (Stratagene, La Jolla, CA). The membranes were subjected to UV cross-linking in a Stratagene Crosslinker (Stratagene). Membranes containing the transferred RNAs were prehybridized with QuikHyb solution (Stratagene) at 65°C for 1 hour and then hybridized with denatured 32 Pi-labeled TxS cDNA and salmon sperm DNA at 65°C for 2 hours. Membranes were washed with 2X standard saline citrate (SSC)/0.1% SDS for 15 minutes at room temperature twice and then rinsed with 0.1X SSC/0.1% SDS for 5 minutes at 65°C. The membranes were monitored with a Geiger counter until the background was low, and the wet membranes were wrapped with plastic wrap and exposed to a Kodak XAR-5 film for 24 hours at Ϫ80°C.
Dot Blot Analysis of TxS mRNA Expression in Prostatic Tumor Versus Normal Tissues
A cancer profiling membrane arrayed with cDNA derived from prostate tumor tissues and matched normal tissues was purchased from Clontech (Palo Alto, CA). The profiling membrane also contained paired samples from other cancers including renal and breast carcinoma. The level of TxS expression was analyzed by probing the membrane with denatured 32 Pi-labeled TxS cDNA, the same probe used in Northern blot, according to the manufacturer's protocol.
Immunohistochemical Evaluation of TxS Expression in Prostatic Tissues
Forty radical prostatectomy specimens containing prostatic carcinoma were retrieved from the Department of Pathology at Wayne State University. The median age of the patients was 61 years, with a range of 47 to 73 years. Of the 40 patients, 19 had organ-confined and 21 had advanced disease, which included extraprostatic extension and/or seminal vesicle involvement and/or lymph node metastasis. The Gleason score of each cancer foci, which combined the most and second most prominent Gleason patters, and pathological stage of each specimen were reviewed on H&E-stained sections. One representative tissue block was selected from each specimen for immunohistochemistry study.
Immunohistochemistry assays were performed on 5-m thick, formalin-fixed, paraffin-embedded tissue sections using avidin-biotin complex immunostaining method according to manufacture protocol (Dako Corporation). Briefly, the paraffin sections were dewaxed and hydrated in a graded series of alcohol, followed by blockage in 3% H 2 O 2 for 20 minutes at room temperature. The slides were incubated with TxS polyclonal antibody (Cayman Chemical Co.) overnight at 4°C. Then the slides were rinsed in PBS (pH 7.4) and incubated with a second biotinylated antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 30 minutes at room temperature. Detection was performed with the avidin-biotin complex (ABC kit; Dako Corporation). The peroxidase-catalyzed product was visualized using AEC substrate. Sections were finally counterstained with Mayer's hematoxylin blue and mounted in GVA mounting solution (Zymed, South San Francisco, CA). The sections of negative controls were stained following the same procedure except substitution of primary antibody with antibody dilution buffer. Tissue sections were scored in a semiquantitative fashion combining both the intensity and percentage of cells stained according to the method described. 20 Intensities were classified into 0 (no staining), 1 (weak), 2 (moderate), and 3 (strong) and 10% groupings were used for the percentage of cells that stained positive. For each slide, a valuedesignated H score was derived from the following formula:
H score ϭ ͑% of cells stained at intensity category 1 ϫ 1͒ ϩ ͑% of cells stained at intensity category 2 ϫ 2 ϩ ͑% of cells stained at intensity category 3 ϫ 3͒ This formula produces a H score in the range of 0 to 300, where 0 ϭ none of the tumor cells stained and 300 ϭ 100% of tumor cells stained strongly.
For data analysis, the median values of patients' ages and H scores were used as cut-off points in grouping patients. Comparisons of patient and tumor characteristics were performed using 2 statistics. P Ͻ 0.05 was considered statistically significant.
Measuement of Thromboxane A 2 Biosynthesis
Enzyme immunoassay (EIA) kits for measuring TXB 2 , the stable product of TXA 2 in aqueous solutions, were purchased from Cayman Chemical Co. or Assay Designs Inc. (Ann Arbor, MI) and used according to manufacturer's instructions. PC-3, DU145, or HEL cells (positive control) were seeded at the same density into culture plates, treated with carboxyheptal imidazole, 21 and culture supernatants were harvested after 24 hours for determination of TXB 2 levels. The data are presented as the concentration of TXB 2 in culture media.
In an alternative approach, we determined the biosynthesis of TXA2 by measuring TXB 2 levels in lipid extracts from cell lysates. PC-3 or DU145 cells (1 ϳ 2 ϫ 10 7 ) were plated at same density (about 80 to 90% confluence), serum starved overnight, and then treated with 1 mol/L arachidonic acid, along with various TxS inhibitors, CI and furegelate sodium, 22 or COX inhibitors, piroxicam (50 mol/L) or NS398 (10 mol/L). Piroxicam is a selective inhibitor for COX-1 with an IC 50 of 17.7 mol/L, while the IC 50 of piroxicam to inhibit COX-2 is over 500 mol/ L. 23 NS398 is highly selective for COX-2 with IC 50 about 1 mol/L. No inhibition of COX-1 by NS398 is noticed at concentrations up to 100 mol/L. [23] [24] [25] After overnight treatment, cells were washed in PBS once and harvested using cell scrapers. After centrifugation, the cell pellets were resuspended in ice-cold 100% ethanol and sonicated. The samples were purified using Bakerbond SPE Octadecyl (C18) columns (J.T. Baker, Phillipsburg, NJ), eluted by ethyl acetate, dried under N 2 air flow, and resuspended in 100 l of assay buffer provided in the EIA kit for determination of the concentration of TXB 2 .
Flow Cytometric Analysis of Cell Cycle Progression and Apoptosis
1 ϫ 10 6 PC-3 cells were plated out in 35-mm culture plates in RPMI-10% FBS. After overnight culture, cells were treated with graded levels of CI as indicated or 10 mol/L SQ29548, a TXA 2 receptor antagonist, 26 in serum-free medium. Phase contrast micrographs were taken 24 hours after treatment. Cells were then harvested, fixed, and processed for propidium iodide (PI) staining for cell cycle analysis and TUNEL staining for apoptosis using a commercial kit (APOP-Direct, PharMingen, Palo Alto, CA), according to the manufacturer's instructions.
Cell Migration Assay
Cell migration assay was conducted using 96-well Chemo TX invasion plates (Neuroprobe, Gaithersburg, MD). The plates were coated with 20 g/ml of fibronectin in PBS on both sides of the membrane. To study the involvement of TxS in cell migration, PC-3 cells were harvested and resuspended in RPMI 1640 with 0.1% BSA at density of 5 ϫ 10 5 cells per ml. RPMI 1640 (30 l) medium with different treatments, as described in text, was added in the bottom chamber. Migration was initiated by adding cells (20 l) in the upper chamber. After 12 to 18 hours, the cells on the upper side of the membrane were removed by Kimwipes and the plate was fixed and stained. Cells migrated were enumerated in a double blind approach. For each treatment, at least six chambers were used unless otherwise indicated.
To study the effect of enhanced TxS expression on DU145 cell migration, DU145 cells were transfected with pEGFP, along with the same amount of a TxS expression construct or its vector control, using GenePorter reagent according to manufacturer's instruction. Twenty-four hours after transfection, cells were harvested and subjected to FAC sorting to select transfectants (GFP). The transfectants were then cultured in G418 containing media and the expression of TxS confirmed by Western blot. The transfectants were then used in a migration assay essentially as described above, with or without TXA 2 functional antagonist, SQ29548 (10 mol/L).
Results
Expression of TxS in Human Prostate Cancer Cell Lines
The expression of TxS was examined in various established prostate cancer cell lines as well as in normal prostate epithelial cells using Western blot with a polyclonal antibody raised against the synthetic peptide encompassing amino acid residues between 359 and 377. As shown in Figure 1A , TxS was expressed in various established PCa cell lines such as PC-3, PC-3M, and ML-2. The band, located at 60 kd, could be blocked by the synthetic peptide against which the antibody was developed (data not shown), confirming the authenticity of the band. While PC-3 cells had strong expression of TxS, normal prostate epithelial cells had a minimal level of TxS expression ( Figure 1A) . Other prostate cancer cell lines such as TSU, DU145, PPC-1, and LNCaP cells had much lower or minimal TxS expression. The data suggest a differential expression of TxS in prostate cancer cells.
Next we analyzed TxS expression in mRNA levels by RT-PCR in PC-3 cells, which have a relatively high level of TxS protein expression, and in DU145 cells, which have low TxS expression at the protein level. As shown in Figure 1B , PC-3 cells had higher level of TxS mRNA than did DU145 cells in one round of PCR. However, it should be noted that DU145 cells did express TxS at the mRNA level, albeit at a much lower level that required nested PCR to detect the expression of TxS expression at mRNA level in DU145 cells (data not shown). To characterize TxS expressed in prostate cancer cells, the RT-PCR product was cloned into TOPO PCR vector and sequenced. The sequence was found essentially identical to the published TxS cDNA sequence originally identified in platelets. 19, 27 Next we used the cloned TxS cDNA as a probe for Northern blot analysis of TxS mRNA expression. As shown in the figure, prostate carcinoma cells PC-3 cells express TxS mRNA at much higher levels of TxS mRNA than DU145 cells, consonant with the results from Western blot and RT-PCR analysis ( Figure 1C ).
Cloning and Characterization of TxS from PC-3 Cells
To further characterize TxS expressed in prostate cancer cells, we amplified the coding region of TxS cDNA and cloned the cDNA into pUni/V5-His-TOPO vector. The TxS cDNA insert was sequenced and 5 variations were revealed when comparing the PCa TxS cDNA sequence with those published 19, 27 ( Figure 2 ). As shown in the figure, the G at 382 replaced T in the published sequence, leading to a change of amino acid residue from V90 to G90. The G of 698 was replaced with C, leading to a change of amino acid residue from P195 to A195. Other variations include the change of C with T at 503, the C at 696 with G, and the G at 1652 with A, when compared to the published sequence.
19,27
Increased Expression of TxS at mRNA Levels in Human Tumor Tissues
To determine the expression of TxS in prostate tumor tissues, we conducted a dot blot analysis of TxS expression using a commercial cancer profiling membrane arrayed with cDNA derived from tumor tissues and matched normal tissues. As shown in Figure 3 , in two of three prostatic carcinoma cases examined, there was an increase in TxS expression at mRNA level in tumor tissues when compared to their normal counterparts. In the third case, there was no change in the level of TxS between normal and tumor tissues. The presence of TxS mRNA expression in normal tissues observed here seems contradictory to our results in western blot ( Figure  1A ). This may be due to a possible contamination in tissue samples by endothelial cells, smooth muscle cells, or stroma cells which are expressing TxS. 28 Another possibility is an up-regulation of TxS expression in normal tissues by its proximity to tumor cells via a paracrine loop. Nevertheless, the results from these three limited cases suggest an increase in TxS mRNA in prostate tumor tissues when compared to their matched normal tissues. Also as shown in Figure 3 , increased TxS expression was found in 11 of 14 cases of renal carcinoma and 7 of 9 cases of breast carcinoma.
Immunohistochemical Analysis of TxS Expression in Human Prostatic Carcinoma Tissues
The expression of TxS in prostate tumor tissues was further evaluated using immunohistochemistry. In 40 human radical prostatectomy specimens evaluated, the staining pattern for TxS was associated with staining intensity. When the cells were weakly or moderately stained, immunoreactivity was mainly confined to the su- pranuclear region. When the cells were strongly stained, immunoreactivity became diffusely cytoplasmic ( Figure  4 ). In normal prostatic glands, TxS immunoreactivity was either weak or not detected in the secretory cells and was weak to moderate in the basal cells. Increased TxS expression (with intensity 2 or 3) was mainly observed in the areas of inflammation and atrophy in the benign glands. In the glands with high-grade prostatic intraepithelial neoplasia (HGPIN), TxS expression was uniformly increased with intensity ranging between 2 and 3. A total of 38 of 40 prostatic carcinomas (95%) were moderately and strongly stained for TxS focally or diffusely. The H score of TxS expression in prostatic carcinoma ranged from 100 to 280 (median 200). The H score was significantly associated with tumor differentiation and tumor extent (Table 1) . High expression (H score Ն200) was observed in 11 of 23 well to moderately differentiated tumors (Gleason score Յ3 ϩ 4) (48%) and 14 of 17 moderately to poorly differentiated tumors (Gleason score Ն4 ϩ 3) (82%) correspondingly (P ϭ 0.026). In the organ-confined or advanced tumors, a high H score (Ն 200) was found in 7 of 19 (37%) or 18 of 21 (86%) cases, respectively (P ϭ 0.001). There was no significant difference in H scores between two age groups. In addition, a few poorly to undifferentiated tumor foci (Gleason pattern 5) showed reduced TxS expression. No immunoreactivity was observed in the sections where the primary antibody was omitted (negative controls).
Perineural invasion (or growth of tumor cells along nerve sheaths) is a common finding in prostatic carcinoma. Extensive perineural invasions are often associated with tumor extension into extraprostatic soft tissue. 29 In this study, 24 of 40 (60%) cases showed evident perineural invasions. Remarkably, in over 90% of the perineural invasions, neoplastic glands were diffusely and intensely stained for TxS.
Biosynthesis of TXA 2 in Prostate Cancer Cells
TxS utilizes intermediate prostanoid product of COX to form TXA 2 , a bioactive eicosanoid involved in platelet activation and aggregation, vessel constriction, and proliferation of smooth muscle cells. We hypothesize that TxS may contribute to PCa progression through the activities of TXA 2 . We evaluated whether TXA 2 is produced in PCa cells, especially when we found that there were two variations in the amino acid sequence of TxS expressed in PC-3 cells. First we compared the biosynthesis of TXA 2 in PC-3 cells with that in HEL cells, an erythroleukemia cell line, 24 by measuring the accumulation of TXB 2 , the stable product of TXA 2 , in culture supernatants. The concentration of TXB 2 in culture supernatants from PC-3 cells was 1295 pg/ml, compared to 580 pg/ml in culture supernatants from a same number of HEL cells. Treatment with CI (10 mol/L), a TxS inhibitor, reduced the production of TXA 2 from 1295 pg/ml to 685 pg/ml in PC-3 cells. At the same concentration, CI also reduced the production of TXA 2 from 580 pg/ml to 292 pg/ml in HEL cells. The results suggest that TxS expressed in PC-3 cells were active enzymatically, even though it had two variations in amino acid sequence (Figure 2) . The results further suggest that PC-3 cells produced more TXB 2 than HEL cells. More extensive studies are needed to fully evaluate whether the higher level of TXB2 biosynthesis in PC-3 cells, compared to HEL cells, is due to the two mutations in TxS or a dysregulation of TxS activity in PC-3 cells.
Since TxS expression varies among different prostate cancer cell lines, we measured the concentration of TXB 2 in culture supernatants from DU145 cells, which had much lower expression of TxS than PC-3 cells (Figure 1,  A and B) . The concentration of TXB 2 in culture supernatants from DU145 cells was 30 pg/ml. For comparison, the culture supernatants from PC-3 cells contained 1295 pg/ml of TXB 2 . We also determined the level of TXB 2 in PC-3 and DU145 cell lysates. As shown in Figure 5A As an enzyme downstream of COX, TxS converts PGH 2 to TXB 2 . Expression of COX-2 and COX-1 in prostate cancer has been extensively reported. [3] [4] [5] [6] [7] Through Western blot, we also detected the expression of both COX-1 and COX-2 in PC-3 cells (data not shown). To study whether TXA 2 production is dependent on COX activities, PC-3 cells were treated with either 50 mol/L piroxicam, a COX-1 selective inhibitor (IC 50 for COX-1 is 17.7 mol/L, for COX-2, over 500 mol/L), 23 or 10 mol/L NS398, a highly selective inhibitor for COX-2 with IC 50 of 1 mol/L, [23] [24] [25] or a combination of the two inhibitors. As shown in Figure 5B , piroxicam alone reduced TXA 2 synthesis by approximately 40%. Treatment of PC-3 cells with NS398 reduced TXA 2 production by ϳ80%. Treatment of PC-3 cells with both piroxicam and NS398 reduced TXA 2 production by 95%, a level comparable to that achieved by the TxS inhibitor, CI. The data suggest that both COX-1 and COX-2 can provide TxS with the substrate, PGH 2 , for TXA 2 synthesis. 
Role of TxS in Cell Proliferation, Survival, and Migration
The pattern of TxS expression in prostate tumor regions, especially in areas of perineural invasion, led us to examine whether TxS plays a role in tumor progression by modulating cell proliferation, survival, or invasion. First we examined the effect of inhibitors of TxS on cell proliferation and apoptosis in PC-3 cells. CI, a TxS inhibitor, did not exert significant cytotoxic effects on PC-3 cells morphologically ( Figure 6A ). Flow cytometric analysis of cell cycle (PI staining) and TUNEL assay for apoptosis did not reveal notable effect of CI (50 mol/L) on cell cycle progression or survival in PC-3 cells ( Figure 6B ). Neither did SQ29548 (10 mol/L), a TXA 2 receptor antagonist, have noticeable effect on cell cycle progression or survival in PC-3 cells ( Figure 6B) .
In contrast to its lack of substantial effect on cell progression or cell survival, TxS inhibitor CI reduced PC-3 cell migration on fibronectin ( Figure 6C ). Another TxS inhibitor, fureglerate sodium, had a similar inhibitory effect on PC-3 cell motility (data not shown). Interestingly, blockade of TXA 2 function with antagonist SQ29548 (10 mol/L) significantly reduced PC-3 migration ( Figure 6D ). The data suggest an involvement of TxS activity or TXA 2 in tumor cell motility.
Compared to PC-3 cells, DU145 cells express TxS and produce TXA 2 at much lower levels. U46619 (30 nmol/L), a TXA 2 receptor agonist, slightly but consistently stimulated DU145 cells migration (an average of 137 Ϯ 10 cells per field for ethanol control versus 152 Ϯ 11 for 30 nmol/L U46619, P Ͻ 0.05). Next we examined whether an increased expression of TxS is consequential in DU145 cell migration. We transiently co-transfected DU145 cells with an expression construct of TxS cDNA in sense direction (Echo14) or its control (TxS cDNA insert in antisense direction), in the presence of a green fluorescent protein construct. The transfectants were selected via FACS for green fluorescence and maintained in G418 containing media. The transfectants with the TxS expression construct had an increased expression of TxS in DU145 cells ( Figure 6E ) and an increased synthesis of TXB 2 (data not shown). As shown in Figure 6F , DU145 cells transfected with the TxS expression construct (Echo 14) had a significantly higher motility than the control cells (Control EtOH versus Echo14 EtOH, P Ͻ 0.01), suggesting that an increase in TxS expression enhances PCa cell migration. The increased motility in TxS transfected cells was abolished by SQ29548 (Echo14 EtOH versus Echo14 SQ29548, P Ͻ 0.001, Figure 6F ), further confirming a role for TXA 2 in modulating prostate cancer cell motility.
Discussion
In the present study, we found that the expression of TxS is elevated in human prostatic adenocarcinoma tissues, especially in less differentiated tumors and at the sites of perineural invasion. In established prostate cancer cell lines, PC-3 cells notably express high levels of TxS and despite the fact that there are two variations in the deduced amino acid sequence, the TxS expressed in PC-3 cells is enzymatically active. As an enzyme downstream of cyclooxygenase, the biosynthesis of TXA2 by TxS was found to depend on COX-1 and COX-2 activities. Inhibition of endogenous TXA 2 synthesis by CI significantly reduced PC-3 migration on fibronectin. Finally increased expression of TxS in DU145 cells enhanced cell motility. This is the first report detailing the endogenous expression of TxS in human prostate carcinoma and its potential involvement in tumor cell motility and invasion. One striking finding in the expression profile of TxS in human prostate carcinoma as revealed by immunohistochemistry is its persistent expression in tumors with perineural invasion. Perineural invasion is a known mechanism by which prostate cancer cells penetrate the prostatic capsule and spread. 29 The increased expression of TxS in prostate tumor cells with perineural invasion indicates a potential involvement of TxS in tumor cell invasion and metastasis. This notion is further supported by the following in vitro studies. First, inhibitors of TxS such as CI or furegrelate sodium significantly decreased, but did not abolish, PC-3 migration on fibronectin, suggesting a potential modulating role, but not a requisite role, for TxS activity in tumor cell motility. Second, SQ29548, a TXA 2 function antagonist, was able to reduce PC-3 migration, suggesting that the product of TxS, TXA 2 , is involved in PC-3 migration. Finally, when expressed in DU145 cells, it was found that TxS increased DU145 cell migration. These studies further suggest a modulating role for TxS or TXA 2 in PCa cell motility and invasiveness.
Interestingly, TxS was also implicated in the migration of human astrocytoma cells. McDonough et al 30 selected a population of cells from a long-term human astrocytoma cell line for their ability to migrate on a glioma-derived extracellular matrix. The migration-selected strain showed a genetically stable, enhanced migration rate compared with the parental cells. Using differential display, they found that a 300-bp sequence homologous to TxS was up-regulated in the migration-selected cells relative to the parental cells, which was further confirmed by RNase-protection assay and flow cytometry analysis, 30 suggesting that an increase in TxS expression is associated with enhanced tumor cell migration.
TxS uses the product of COX-1 and COX-2, ie, PGH 2 , as a substrate to synthesize TXA 2 . Several studies have implicated a facilitative role of COX in the progression of colon cancer by up-regulating tumor angiogenesis and metastatic potential. It has been reported that COX-2 is overexpressed in human prostate adenocarcinoma.
3-7 A number of COX-2 inhibitors such as celecoxib and NS398 were found to induce apoptosis in human PCa cells. 8, 9 In the present study, we found that TXA 2 production in PC-3 cells can be inhibited by COX-2 selective inhibitor, NS398, and to lesser extent, COX-1 selective inhibitor, piroxicam. Combination of piroxicam and NS398 further reduced TXA 2 production, to a level comparable to TxS inhibitor fureglerate sodium or carboxyheptal imidazole. The results suggest that in PC-3 cells, both COX-1 and COX-2 can provide TxS with PGH 2 and in so doing, may contribute to an increased motility or invasiveness of PCa cells.
Sequencing of the full length TxS cDNA cloned from PC-3 cells revealed two alterations in the deduced amino acid sequence (V90 to G90 and P195 to A195). The changes in these two amino acid residues did not disrupt the enzymatic activity of TxS because PC-3 cells produced a large amount of TXA 2 or TXB 2 . In fact, PC-3 cells produced more TXA 2 than HEL cells, when compared on the basis of same cell number. This may be due to a dysregulation of TxS activity in PC-3 cells while TxS activity in HEL cells is tightly regulated. Another possibility is a possible stimulation of TxS activity by the variations in TxS in PC-3 cells. Further studies are needed to elucidate how TxS activity is regulated in PCa cells.
A well-established activity of TXA 2 is its stimulation of platelet activation and aggregation. Platelets have long been implicated in tumor angiogenesis and metastasis. 31 The aggregation of platelets can release VEGF and other angiogenic factors to facilitate tumor angiogenesis. 32 Clinically, 15 to 20% of advanced cancer patients possess platelet abnormalities, such as thrombocytosis and many other thromboembolic disorders. Also, activated platelets have been frequently associated with many malignant tumors 33 and may facilitate hematogous metastasis of tumor cells. Inhibition of TxS by CI has been demonstrated to reduce experimental metastasis of B16a cells. 28 In prostate cancer, PC-3 cells have been shown to induce platelet aggregation. 34 It is unknown, however, when and how PCa cells acquire the ability to induce platelet aggregation and whether an increase in TxS expression and activity in PCa cells is part of this acquisition.
In summary, the present study is the first report detailing the endogenous expression of TxS in human prostate cancer cells and its potential involvement in PCa cell motility and perineural invasion. Further elucidation of the role of TxS and its product, TXA 2 , in tumor cell motility and metastasis will provide insights into how prostate cancer cells progress to a less differentiated and more invasive stage.
